In many parts of the world, urban planning has a renewed focus on addressing the multiple challenges associated with population growth and climate change. Focused on local needs and priorities, these planning processes are raising tensions between more compact and dense urban form to reduce energy use and associated emissions and the provision of urban green infrastructure for ecosystem services and climate adaptation. In this study, we investigated the spatial distribution of green infrastructure at the neighbourhood scale in Sydney, Australia and examined how a mix of landscape types (pavement, bare soil/dry grass, green grass, and tree cover) affect temperature variation in three important locations for urban residents-around the home, in the roads and footpaths where people walk, and in parkland areas. Considering that residential and parkland areas contribute to the majority of green space in Sydney, it is important to understand how changes in landscape mix within these three neighbourhood areas will affect local temperature for urban residents. For residential houses, it was found that the percentage of tree canopy cover around the house had a significant negative relationship (p = 0.002) with surface temperatures of rooftops where greater tree cover led to lower rooftop temperatures. In streetscapes, both the percentage of tree cover (p < 0.0001) and the percentage of green grass (p < 0.0001) within the road segment had a significant negative relationship with the surface temperature of the road pavement. In the parks, the percentage of pavement (p < 0.0001) and the percentage of bare soil/dry grass (p < 0.0001) showed a significantly positive trend with land surface temperatures where greater land cover in the form of pavement and bare soil/dry grass led to higher temperatures. Collectively, these findings highlight the importance of promoting or reducing certain landscape covers depending on the land use type in order to maximise the cooling potential of green infrastructure.
Introduction
In response to the dual global challenges of climate change and urbanisation, many cities around the world are placing renewed emphasis on urban planning and design processes to drive the transition towards a more sustainable and climate resilient future [1] [2] [3] . Cities are proving more willing and able to act on climate change, with many having already assessed their climate risks, formulated plans, and commenced mitigation and adaptation actions [4] .
One of the main climate change challenges in urban centres is the interaction of high-density human habitation with increased urban heat patterns, especially that of the urban heat island. Cities tend to have higher air and surface temperatures than their rural surroundings because urban form and materials store and trap heat. This is a phenomenon known as urban heat island [5] , and it has climate with generally mild winters and warm summers [43] . The Sydney urban area identified by the Australian Statistical Geography Standard [44] restricts the boundary of Sydney to the contiguous, built up areas of the city, thereby excluding the surrounding peri-urban areas and national parks that make up the Greater Sydney Region. The Sydney urban area comprises 2037 km 2 , extending 70 km from the coast in the east to the Blue Mountains in the west (Figure 1 
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Transect and Data Collection
A case study transect was identified in the northern suburbs to sample climate and vegetation gradients typical of Sydney ( Figure 1 ). The company Dimap Australia Pty Ltd. (Perth, Australia) was commissioned to collect hyperspectral and thermal airborne remote sensing imagery as well as LiDAR data for the transect using a fixed wing aircraft. A data-collecting flight was flown on 6 August 2012, between 12:00 p.m. and 2:00 p.m. The aircraft departed from Sydney (Kingsford Smith) Airport, capturing data for a swath approximately 1.4 km wide and 15 km long in the northern suburbs of Sydney ( Figure 1 ).
Hyperspectral data were captured using a Hyspex VNIR1600 camera that collected the light intensity (radiance) values for 160 spectral bands at a spatial resolution of 2 m. Thermal data were captured simultaneously using a FLIR SC series camera measuring surface temperatures at 0.5 m spatial resolution. These datasets were corrected for atmospheric influences using the ATCOR 4 software [45] . Orthorectification and geometric corrections were implemented using a digital terrain model and the PARGE software [46] .
The flight transect covered a land area of just over 21 km 2 with the dwelling density of residential Mesh Blocks ranging from 1 to 488 dwellings per hectare. A Mesh Block is the smallest geographical area defined by the Australian Bureau of Statistics [44] . The variation in size of residential land parcels was assessed using cadastral data provided by the NSW Department of Finance and Services, Land and Property Information. Residential land parcels within the flight transect ranged from 230 to 4000 m 2 with a median parcel size of 689 m 2 . 
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The flight transect covered a land area of just over 21 km 2 with the dwelling density of residential Mesh Blocks ranging from 1 to 488 dwellings per hectare. A Mesh Block is the smallest geographical area defined by the Australian Bureau of Statistics [44] . The variation in size of residential land parcels was assessed using cadastral data provided by the NSW Department of Finance and Services, Land and Property Information. Residential land parcels within the flight transect ranged from 230 to 4000 m 2 with a median parcel size of 689 m 2 .
A simple land cover classification at 1 m 2 resolution was developed based on the airborne hyperspectral imagery and LiDAR data. Five basic land cover classes were identified: (1) pavement; (2) buildings; (3) bare ground/dry grass; (4) green grass and (5) tree canopy. The classification was undertaken using the hyperspectral data to differentiate impervious land surfaces from bare ground and vegetated areas. The LiDAR data were used to create a ground mask to distinguish between features at or above ground level (i.e., pavement from buildings or grass from trees). The tree canopy class provided a high resolution estimate of canopy cover. Accuracy of the land cover classification was evaluated by comparing the results with land cover observed in aerial photography (Google Earth) at 400 randomly selected points [47] . This indicated an overall accuracy of 82% of positive identifications, which is comparable with the classification accuracy in studies using a similar approach [27] .
The Influence of Vegetation Cover on Surface Temperatures
An analysis was undertaken examining the cooling effects of adjacent land cover classes (% pavement, % bare ground/dry grass, % green grass, % tree cover) on the average surface temperatures of house roofs, road surfaces, and parkland. All GIS analyses were performed using ArcGIS 10.1 [48] . Statistical analyses were undertaken using the software program R v2.13.0 [49] .
Roof Temperatures
A total of 37 houses were selected for the analysis of roof surface temperatures. To control for variation in the size of residential land parcels, properties were selected from within a range of 650-750 m 2 , approximately the median parcel size within the transect. Google Earth [50] was then used to perform a visual assessment, identifying houses with similar roof colour (grey-brown) and roof construction material (tile). We were unable to control for roof pitch based on the data collected and on the imagery from Google Earth, however, houses in Australia generally have a roof pitch of 15˝-22.5˝. The houses were selected because they are of a similar size, with similar roof types, and are of similar development style. Houses with varying amounts of tree canopy cover located on the north and northwestern sides of the house were selected for inclusion in the analysis. This enabled a comparison of roof temperatures for houses with varying amounts of canopy cover, ensuring consistent tree shadow given the direction of the sun during the time of the data collection flight (from true north the sun was 358˝at 12:00 p.m. and 317.5˝at 2:00 p.m.). The average surface temperatures of each roof top, as identified by the buildings class within the land cover classification dataset, was calculated for each selected house. This excluded areas of the roof that were covered by canopy.
A 10 m buffer was created around the northwestern corner of each house, and the % pavement, % bare ground/dry grass, % green grass, and % tree cover were calculated within the buffer. The relationship between the various land use classes within the 10 m buffer and the average rooftop temperatures was analysed using multiple regression models and tested for statistical significance.
Road Temperatures
Road corridors represent another dominant feature at the neighbourhood scale. Road corridors not only comprise roads, but also a significant amount of road verge which is utilised for footpaths and street tree plantings. Road corridor boundaries for 2012 were obtained from the NSW Department of Finance and Services, Land and Property Information. These data were clipped to the transect boundary creating road segments to be used for analysis. For consistency, laneways and intersections were excluded from the data by only including road segments that were larger than 0.1 ha in size. Mean road temperatures were first assessed in relation to road orientation. Then, like the house data, we wanted to ensure consistent tree shadow patterns given the direction of the sun during the time of the data collection, thus, we selected only north-south orientated road segments for inclusion in this study. This yielded a total of 145 road segments to be included for analysis.
The surface temperatures of the road corridors were determined using the airborne thermal imagery. To ensure there was no spectral mixing associated with potential overhanging tree canopy cover, the road surface temperatures were only measured where bare pavement was identified based on the land use classification dataset. Thus, the percentage of pavement within the road segment was not used as an explanatory variable within the analysis. The effect of the various other land use classes (% bare ground/dry grass, % green grass, % tree cover) on road surface temperatures was then tested using a multiple regression analysis.
Park Temperatures
The objective of the park analysis was to determine the influence of vegetation structure on land surface temperature (LST) within parkland. To perform this analysis, 938 random points were selected within parklands located in the transect area. The selection criteria for locating the points were that each point could be no closer than 20 m apart and that each park could have a maximum of 20 points. This helped ensure that small parks were not unduly weighted in the analysis.
At each point, a 10 m buffer was created in order to sample the percent cover of the various land use classes around each point as well as calculate an average surface temperature for the point. A multiple regression model was then used to test the significance of the relationship between average park temperature at each point and percent cover of the land use classes.
Results

Effect of Tree Cover on Roof Top Temperatures
The model result comparing the average roof temperature of the 37 houses sampled within the transect to the various land use classes (% pavement, % bare ground/dry; % green grass; % trees) within the 10 m buffer was highly significant (Figure 2 : p = 0.0003, R 2 = 0.4005). Results showed that percentage of tree cover within the buffer area had a significant negative relationship with the average roof temperature of the house (p = 0.002) such that increasing tree cover leads to a drop in roof temperatures (Figure 2 ). The percentage of green grass within the same buffer area also showed marginal significance (p = 0.063). The surface temperatures of the road corridors were determined using the airborne thermal imagery. To ensure there was no spectral mixing associated with potential overhanging tree canopy cover, the road surface temperatures were only measured where bare pavement was identified based on the land use classification dataset. Thus, the percentage of pavement within the road segment was not used as an explanatory variable within the analysis. The effect of the various other land use classes (% bare ground/dry grass, % green grass, % tree cover) on road surface temperatures was then tested using a multiple regression analysis.
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The model result comparing the average roof temperature of the 37 houses sampled within the transect to the various land use classes (% pavement, % bare ground/dry; % green grass; % trees) within the 10 m buffer was highly significant (Figure 2 : p = 0.0003, R 2 = 0.4005). Results showed that percentage of tree cover within the buffer area had a significant negative relationship with the average roof temperature of the house (p = 0.002) such that increasing tree cover leads to a drop in roof temperatures (Figure 2 ). The percentage of green grass within the same buffer area also showed marginal significance (p = 0.063). For the analysis of rooftop temperatures, the overall model comparing the average roof temperature to the percentage of the four land use classes (pavement, bare ground/dry grass, green grass, tree cover) was highly significant. The percentage of tree cover within the 10 m buffer had a negative relationship with roof temperature and was significant at a p = 0.002 level (** 0.001, *** 0.0001).
Effect of Tree Cover on Road Temperatures
When looking at the road corridor analyses for north-south road segments (n = 145), the overall model estimating the effect of the various land use classes (% bare ground/dry grass, % green grass, % trees) on average road temperature was highly significant (Figure 3 : p < 0.0001, R 2 = 0.4715). Both the percentage of green grass (p < 0.0001) and the percentage of tree cover (p < 0.0001) were highly significant predictor variables showing a negative relationship with road temperatures, that is, greater levels of green grass and tree cover area were associated with a decrease in road and pavement temperatures. For the analysis of road temperatures, the overall model comparing the average road temperature to the percentage of the three land use classes (bare ground/dry grass, green grass, tree cover) was highly significant. Both the percentage of tree cover and green grass within the road segments had a significant negative relationship with road temperature (*** 0.0001). For the analysis of rooftop temperatures, the overall model comparing the average roof temperature to the percentage of the four land use classes (pavement, bare ground/dry grass, green grass, tree cover) was highly significant. The percentage of tree cover within the 10 m buffer had a negative relationship with roof temperature and was significant at a p = 0.002 level (** 0.001, *** 0.0001).
When looking at the road corridor analyses for north-south road segments (n = 145), the overall model estimating the effect of the various land use classes (% bare ground/dry grass, % green grass, % trees) on average road temperature was highly significant (Figure 3 : p < 0.0001, R 2 = 0.4715). Both the percentage of green grass (p < 0.0001) and the percentage of tree cover (p < 0.0001) were highly significant predictor variables showing a negative relationship with road temperatures, that is, greater levels of green grass and tree cover area were associated with a decrease in road and pavement temperatures. For the analysis of rooftop temperatures, the overall model comparing the average roof temperature to the percentage of the four land use classes (pavement, bare ground/dry grass, green grass, tree cover) was highly significant. The percentage of tree cover within the 10 m buffer had a negative relationship with roof temperature and was significant at a p = 0.002 level (** 0.001, *** 0.0001).
When looking at the road corridor analyses for north-south road segments (n = 145), the overall model estimating the effect of the various land use classes (% bare ground/dry grass, % green grass, % trees) on average road temperature was highly significant (Figure 3 : p < 0.0001, R 2 = 0.4715). Both the percentage of green grass (p < 0.0001) and the percentage of tree cover (p < 0.0001) were highly significant predictor variables showing a negative relationship with road temperatures, that is, greater levels of green grass and tree cover area were associated with a decrease in road and pavement temperatures. For the analysis of road temperatures, the overall model comparing the average road temperature to the percentage of the three land use classes (bare ground/dry grass, green grass, tree cover) was highly significant. Both the percentage of tree cover and green grass within the road segments had a significant negative relationship with road temperature (*** 0.0001).
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For the analysis of road temperatures, the overall model comparing the average road temperature to the percentage of the three land use classes (bare ground/dry grass, green grass, tree cover) was highly significant. Both the percentage of tree cover and green grass within the road segments had a significant negative relationship with road temperature (*** 0.0001).
Effect of Tree Cover on Park Temperatures
Examination of the relationship between the various land use classes (% pavement, % bare ground/ dry grass, % green grass, % trees) and the surface temperature within parks, revealed that the overall model was highly significant (Figure 4 : p < 0.0001, R 2 = 0.4809). However, the results were different from that of the rooftop and road temperature models in that the percentage of pavement (p < 0.0001) and percentage of bare ground (p < 0.0001) were the highly significant predictor variables in this model showing a positive relationship with average park temperatures at each point, such that greater pavement and bare ground cover led to higher temperatures. 
Examination of the relationship between the various land use classes (% pavement, % bare ground/ dry grass, % green grass, % trees) and the surface temperature within parks, revealed that the overall model was highly significant (Figure 4 : p < 0.0001, R 2 = 0.4809). However, the results were different from that of the rooftop and road temperature models in that the percentage of pavement (p < 0.0001) and percentage of bare ground (p < 0.0001) were the highly significant predictor variables in this model showing a positive relationship with average park temperatures at each point, such that greater pavement and bare ground cover led to higher temperatures. Figure 4 . For the analysis of average park temperature, the overall model comparing the average park temperature at each point to the percentage of the four land use classes (pavement, bare ground/dry grass, green grass, tree cover) was highly significant. Both the percentage of pavement and bare soil/dry grass within the park point buffer had a significant positive relationship with temperature (*** 0.0001).
Discussion
This study examined the ability of vegetation cover to contribute to urban cooling in three important land use spaces within Sydney neighbourhoods-housing, streetscapes, and in parks. More than half of urban Sydney is devoted to residential land use, representing the single largest contribution to Sydney's green infrastructure, which may be largely unrecognised and is under growing threat from urban consolidation [40] . This finding is consistent with McPherson et al. [29] who found vegetation cover in Los Angeles, USA, was highest in low-density residential areas and decreased as density and urban land use intensified. Parkland vegetation cover also tends to decrease with increasing urban consolidation, threatening the second largest green infrastructure contributor in Sydney [40] . For the analysis of average park temperature, the overall model comparing the average park temperature at each point to the percentage of the four land use classes (pavement, bare ground/dry grass, green grass, tree cover) was highly significant. Both the percentage of pavement and bare soil/dry grass within the park point buffer had a significant positive relationship with temperature (*** 0.0001).
This study examined the ability of vegetation cover to contribute to urban cooling in three important land use spaces within Sydney neighbourhoods-housing, streetscapes, and in parks. More than half of urban Sydney is devoted to residential land use, representing the single largest contribution to Sydney's green infrastructure, which may be largely unrecognised and is under growing threat from urban consolidation [40] . This finding is consistent with McPherson et al. [29] who found vegetation cover in Los Angeles, USA, was highest in low-density residential areas and decreased as density and urban land use intensified. Parkland vegetation cover also tends to decrease with increasing urban consolidation, threatening the second largest green infrastructure contributor in Sydney [40] .
Clearly, greater vegetation cover in both public and private areas across urban Sydney has the potential to provide important shade and shelter benefits when managed strategically. However, as temperatures increase with climate change [51] , there will be an increasing need to prioritise and target green infrastructure investment. The results of our neighbourhood analysis are useful in this regard as they identify the effect of vegetation cover on the temperature of house rooftops, road surfaces, and parkland, providing an indication of the value of local green space. The use of high-resolution hyperspectral (2 m pixels) and thermal (0.5 m pixels) imagery to develop a land use classification (1 m pixel), has enabled a comparison of specific types of vegetation cover with building, road, and parkland surface temperatures. The maximum daily temperature at the closest weather station during the remote sensing data capture was 19.1˝C [52] .
Based on the rooftop temperature model developed in this study (Figure 2 ), we found that tree cover around the house, specifically on the northern and western sides of the house due to sun angle at the time of data capture and time of year, was a highly significant variable for average roof temperature, with increased tree cover leading to lower temperatures (p = 0.002). The rooftop study highlights the importance of strategic placement of vegetation adjacent to residential buildings, to achieve cooling benefits. Greater cooling benefits are likely to be achieved on warmer days, but additional sampling would be required to test the extent of this difference. However, the benefits of rooftop shade will depend on building quality, and tree shade will be most effective where there is limited ceiling insulation to dampen the transfer of heat. Thus, the benefits of tree cover for climate regulation around homes must be considered in light of building quality as well.
In Sydney, tree canopies cast their longest shadows when the sun is from the east (morning) and west (afternoon). The cooling benefits will be greatest in summer, but the shadows cast during the middle part of the day are shorter, so this needs to be a consideration for strategic tree placement. As noted by Pandit and Laband [28] , not all shade is created equal. Their study shows that dense tree shade, as opposed to light or moderate shade, was the most significant for reducing summertime residential energy consumption. There was no consideration of the density of tree canopy cover in our roof analysis or the different canopy and leaf architecture of different tree species, which may explain some of the variability in the results. In a previous investigation by Kirkpatrick et al. [53] , it was estimated that 7% of garden trees in Sydney were deciduous. It should also be recognised there are important trade-offs to be considered, with several studies in the northern hemisphere investigating the interactions between tree shade and solar access for rooftop photovoltaic systems [54] [55] [56] . This is a clear case where climate mitigation and adaptation actions may be in potential conflict.
The investigation of vegetation cover effects on the surface temperature of roads and footpaths showed that as the percentage of tree canopy cover (p < 0.0001) and green grass (p < 0.0001) increased, the temperatures of the road pavement surfaces were reduced (Figure 3) . The results support another recent study of street trees in the Netherlands, where researchers found that street users appreciated both the microclimatic and aesthetic benefits of increased street cover [57] . Road orientation and the placement of trees along sidewalks will influence road and pavement temperatures, and the amount of shading will vary according to the time of year and the time of day. We limited the analysis to road corridors that were orientated north-south because of the angle of the sun. In Sydney, roads with a north-south orientation had the highest mean average road temperatures (12.4˝C, n = 145), followed by northeast-southwest roads (12.1˝C, n = 95) and northwest-southeast roads (11.9˝C, n = 102). East-west orientated roads had the coolest mean road surface temperatures (11.7˝C, n = 161), as shadows are cast across the roads and pavements throughout much of the day. Because the results of this study are based on thermal data captured in late winter, the opportunity was provided to capture the shade effects of tree canopy with low sun angle and long shadows. It is expected that larger temperature differentials between surfaces with and without tree shade would be observed with summer data capture, but the general trends would remain consistent.
In the analysis of vegetation cover effects on temperature within parkland, it was found that percentage of pavement (p < 0.0001) and bare soil/dry grass (p < 0.0001) had the largest effect, with greater cover of pavement and bare soil/dry grass leading to higher temperatures (Figure 4) . This finding is different from previous research. A previous study by Bowler et al. [17] found that the structure of park vegetation is important in conferring cooling effects, with key factors being the size of the park and presence of trees. Additionally, more recent research has shown that tree cover that can intercept solar radiation and reduce air temperature is the most effective way to design parks that reduce the heat load on people during heatwaves [58] . However, concrete and bare soil have been shown to have significantly higher temperatures than green grass [59] , and paved surfaces are shown to be a large contributor to urban heat island [60] . The reduction of pavement and bare soil/dry grass would most likely be replaced by green grass or tree cover, thus vegetation cover still has an important role to play in reducing park temperatures.
There has been no attempt in this study to infer the benefits for human health and well-being, but we know from other studies such as that of Takano et al. [61] that the provision of walkable green spaces within residential areas can increase the longevity of the senior citizen population. There is also some evidence that the presence of vegetation and shade trees in the vicinity of the home may create a cooling effect that can reduce heat-related health impacts [62, 63] . Yet an Australian study on heat-related deaths in Sydney found there was no significant contribution from the proportion of vegetation [43] .
When considering the climate regulation and health benefits that could come with increasing urban tree cover, it is also important to consider the potential disbenefits that urban trees bring with them. The physical presence of vegetation around the home may contribute to lower indoor temperatures, provide benefits of privacy, and reduce noise pollution from unwanted sources [14] . However, in some locations fear of increased potential for bushfires in hot and dry conditions, such as Sydney, can discourage planting around the home [64] . Although street trees have been shown to increase walkability of neighbourhoods [61] , vegetation around homes or near roads can also cause root damage or threaten other infrastructure with fallen limbs, creating safety issues [65, 66] . Furthermore, the presence of urban vegetation that blocks views or prevents access or egress can be associated with increased fear of crime [67, 68] . Thus, choice of species, placement, and management and care of trees are essential in order to limit negative outcomes and maximise the positive benefits.
Conclusions
As urban Sydney continues to grow in size and complexity there is an increasing focus on more compact urban form to constrain future urban sprawl and revitalise existing Sydney suburbs. At the same time, the impacts of climate change-particularly rising temperatures and more frequent and severe heatwaves-serve to highlight the important role for urban green infrastructure in this process. Investigation of the current patterns of green infrastructure in urban Sydney reveals that as the dwelling density in suburbs increases, the amount of tree cover decreases. Thus, we see that urban consolidation, higher density housing, and larger houses on smaller blocks all influence the amount of space available for vegetation in residential areas. Although it would be beneficial to increase vegetation, especially tree cover, in cities in order to combat urban heat island and extreme heatwaves, any future development strategy would have to balance the climate benefits that can be gained by increasing vegetation cover with potential disbenefits such as increasing fire danger or damage to infrastructure caused by tree roots. To provide a way forward and develop win-win management strategies, several actions should be considered: (1) optimization modelling of tree species, canopy cover, and tree placement; (2) changes in pavement and bare soil/dry grass placement within local and landscape scale scenarios; and (3) implementation of mesoscale atmospheric models to develop a range of future climate scenarios for urban vegetation. Consequently, decisions for public and private green infrastructure investment must be made carefully, taking into account whole systems thinking and a more interdisciplinary approach in order to ensure that green infrastructure is being maintained and managed for maximum impact for urban dwellers. 
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